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In this paper, the reported experimental data in [Sci. Rep., 2012, 2, 533] related to electrical
transport properties in bulk ZnO, ZnMgO/ZnO, and ZnMgO/ZnO/ZnMgO single and double het-
erostructures were analyzed quantitatively and the most important scattering parameters for control-
ling electron concentration and electron mobility were obtained. Treatment of intrinsic mechanisms
included polar-optical phonon scattering, piezoelectric scattering and acoustic deformation potential
scattering. For extrinsic mechanisms, ionized impurity, dislocation scattering, and strain-induced
fields were included. For bulk ZnO, the reported experimental data were corrected for removing the
effects of a degenerate layer at the ZnO/sapphire interface via a two layer Hall effect model. Also,
donor density, acceptor density and donor activation energy were determined via the charge balance
equation. This sample exhibited hopping conduction below 50K and dislocation scattering closely
controlled electron mobility closely. The obtained results indicated that the enhancement of elec-
tron mobility in double sample, compared with the single one, can be attributed to the reduction
of dislocation density, two dimensional impurity density in the potential well due to background
impurities, and/or interface charge and strain-induced fields, which can be related to better electron
confinement in the channel and enhancement in the sheet carrier concentration of 2DEG in this
sample.
I. INTRODUCTION
ZnO has received substantial interest of the research
community due to its wide band gap (3.4eV [1]), high
breakdown voltage, generating less noise, high temper-
ature power, and sustaining large electrical field [2–5].
ZnO is used in a variety of optical and optoelectronic
applications such as UV light emitting diodes [6, 7],
transparent transistors [8], UV detectors [9], and UV
laser diodes [10, 11]. In bulk ZnO, mobility decreases
at low and high temperatures due to dislocation scat-
tering, ionized impurity, and lattice vibrations, respec-
tively. Undoped ZnO with a wurtzite structure is natu-
rally an n-type semiconductor due to the presence of in-
trinsic defects such as Zn interstitial and O vacancy [5].
To make high quality P-type ZnO, knowing native de-
fects in an undoped ZnO via Hall-effect measurements
is essential. To obtain high mobility especially at low
temperatures, ZnMgO/ZnO heterostructures are used
[12, 13], in which electrons see a two-dimensional space.
Consequently, a two dimensional electron gas (2DEG)
is formed at the interface due to the internal electric
field. Since carrier confinement can influence electron
mobility, ZnMgO/ZnO/ZnMgO double quantum well has
been fabricated recently [14, 15]. The ability to fabri-
cate a ZnMgO-heterostructure makes the fabrication of
ZnMgO-high electron mobility transistors (HEMT) pos-
sible [16], which have received more attention recently
[17–19]. Transport properties such as carrier mobility (µ)
and carrier concentration (n) are crucially important, be-
cause the operation of all these devices depends critically
on current transport.
In this paper, the reported experimental data re-
lated to electrical transport properties in bulk ZnO,
ZnMgO/ZnO and ZnMgO/ZnO/ZnMgO single and
double heterostructures were analyzed quantitatively,
which is reported by J. Ye et al [20]. The
bulk ZnO,Zn0.82Mg0.18O (75nm) /ZnO single (sam-
ple A), and Zn0.8Mg0.2O(60nm)/ZnO(30nm)/graded−
Zn0.85Mg0.15O(90nm) double (sample B) heterostruc-
tures were grown on sapphire using metal-organic vapor
phase epitaxy technique [20]. The experimental details
were given in [20]. Also, the sheet carrier concentrations
(ns) of the 2DEG in samples A, and B were reported
as 1.48× 1012 cm−2 and 1.16 × 1014 cm−2, respectively
[20].
II. THEORY OF ELECTRICAL PROPERTIES
A. Charge balance equation
Charge balance equation was used for the carrier con-
centration data in which semiconductor was assumed to
be n-type and non-degenerate [21]:
n+Na =
∑ Ndi
1 + n/φi
(1)
where
φi =
g0i
gi
Ncexp(
αi
kB
)exp(
−Ed0i
kBT
) (2)
Nc = 2(2pim
∗kB/h
2)3/2 (3)
in which, Na is acceptor density, Nd is donor density,
g0i (gi) is the unoccupied (occupied) state degeneracy of
donor i, and α is the temperature coefficient defined by
Edi = E0i −αiT in which Ed, and Ed0 are the activation
2energy of the donor electrons at T and zero temperature,
respectively [5] (α is assumed zero [5]). It should be
noted that Na, Nd, and Ed are considered fitting param-
eters.
III. THEORY OF SCATTERING MECHANISMS
IN BULK SEMICONDUCTORS
Here, mobility limitation due to each individual scat-
tering process is calculated independently, using the cor-
responding analytical expressions (µi). The total mobil-
ity can be calculated from the scattering limiting motil-
ities, using Matthiessen’s rule (1/µtot =
∑
1/µi). The
material parameters used in the calculations are listed
in I .
TABLE I. ZnO material parameters used in the calculations.
Material parameters Values
Density of crystal (ρ) [22] 6.1× 103(kgm−3)
Deformation potential energy (EL) [23] 3.5(eV )
High-frequency dielectric constant (ε∞) [24] 3.72ε0(Fm
−1)
Static dielectric constant (εs) [24] 8.12ε0(Fm
−1)
Effective mass (m∗) [24] 0.3m0(kg)
ZnO lattice constant (a0) [17] 0.521(nm))
Piezoelectric constant (hpz) [22] 1.10(Cm
−2)
Sound velocity (s) [22] 6.59× 103(ms−1)
A. Intrinsic scattering mechanisms
(I) Mobility (µac) of bulk electron being scattered
from acoustic deformation potential scattering, is given
by [25]:
µac(T ) =
2(2ρ)0.5ρs2~4e
3E2L(m
∗)2.5(kBT )1.5
(4)
where EL, ρ, and s are deformation potential energy,
density of the crystal, and sound velocity, respectively.
(II) Mobility (ρpz) limited by piezoelectric scattering
is expressed as [25]:
µpz(T ) =
16(2pi)0.5ρs2~2e
3(ehpz/εsε0)2(m∗)1.5(kBT )0.5
(5)
in which, hpz is the piezoelectric constant in ZnO.
(III) Mobility (µpop) caused by polar optical phonon
scattering, which controls carrier mobility at high tem-
perature, can be calculated using [26]:
µpop(T ) = 0.199(T/300)
0.5(e/e∗)2(m/m∗)1.51022 M1023(A)
(6)
A = ~ωkB(T )−1G(
~ω
kB(T )
)10−13Vaω,
Here, ω, e∗ = (MVaωε0(1/ε∞ − 1/εs))
0.5, Va, and
M are polar phonon frequency, Callen’s effective ionic
charge, volume for a Zn and O ion pair, and reduced
ionic mass, respectively.
B. Extrinsic scattering mechanisms
(I) Mobility (µIm) determined by ionized impurity
scattering is given by [27]:
µIm(T ) =
128(2pi)1/2(εsε0)
2(kBT )
3/2[ln(1 + b)− b/b+ 1]−1
e3((m∗)0.5)(n+ 2Na)
(7)
where, Na is acceptor density obtained from equation (1)
as the fitting parameter.
(II) The mobility (µcd) caused by crystalline defects
(domain boundaries and strain induced fields) scattering
can be obtained from [28]:
µcd(T ) =
C
T 1.5
(8)
Here, C is attributed to the strained induced fields and
domain boundaries.
(III) Mobility limited (µdisl) by dislocation scattering
which controls carrier mobility at low temperature, is
expressed as [29]:
µdisl(T ) =
30(2pi)0.5(ε0εs)a
2(kBT )
1.5
Ndisle3f2λD(m∗)0.5
(9)
in which, λD = (
εsε0kBT
e2n )
0.5, Ndisl, f (=1), and a are dis-
location density, occupancy rate, and distance between
acceptor centers, respectively.
IV. TWO LAYER HALL EFFECT MODEL
Due to lattice mismatch between semiconductor layer
and substrate, a narrow area with high dislocation
density (degenerated layer) is formed at semiconductor
layer/ substrate interface and has crucial effects on the
electrical properties (carrier concentration and mobility)
of semiconductor especially in low temperatures. We can
use two-layer Hall-effect model to correct the carrier con-
centration and mobility experimental data [30]:
n1 =
(µHnH − µ2n2)
2
(µH)2nH − (µ2)2n2
(10)
µ1 =
(µH)
2nH − (µ2)
2n2
µHnH − µ2n2
(11)
where µH , and nH are experimental mobility and carrier
concentration and also µ2, and n2 are mobility and car-
rier concentration in degenerated layer; µ1, and n1 are
the corrected data.
3V. THEORY OF SCATTERING MECHANISMS
IN 2DEG
Different scattering mechanisms are considered to
model 2DEG mobility using the Matthiessen’s rule.
The analytical expressions of scattering mechanisms for
2DEG mobility are briefly summarized below and the
relevant material parameters are listed in Table1.
A. Intrinsic scattering mechanisms
(I) Polar optical phonon scattering is expressed as [31,
32]:
µpop(T ) =
4piε0εp
eω((m)∗)2L
exp((~ω/kBT )− 1) (12)
where, L (2( ns1012cm−2 )
−1/3
× (55A˚)) [33] is the width of
quantum well and 1/εp = 1/ε∞−1/εs, ns is 2DEG sheet
carrier density.
(II) Acoustic deformation potential scattering is given
by [34]:
µac(T ) =
e~3ρ(uL)
2L
(m∗)2(El)2kBT
(13)
Here, ul is the longitudinal acoustic phonon velocity.
(III) In strongly polar materials, the most powerful
interaction with acoustic phonons at low energies is via
the piezoelectric effect. The piezoelectric scattering can
be obtained from [35]:
µpz(T ) =
pikf (El)
2
Le2h214
[9/32+13/32(ul/us)
2IA(γt)/IA(γl)]
−1
(14)
where, kf (= (2ns)
1/2) is the wave vector on the Fermi
surface, h14 is the piezoelectric constant, ut is the
transverse acoustic phonon velocity, and IA(γt(A)) =
((4γt/3)
2 + 1), IA(γl(A)) = ((4γl/3)
2 + 1) γt =
2~utkf
kB(T )
,γl =
2~ulkf
kB(T )
.
B. Extrinsic scattering mechanisms
(I) In heterostructures with 2DEG, although free elec-
trons are separated from the ionized donors, they can still
scatters from them. Mobility is caused by ionized impu-
rity scattering due to the scattering of remote donors [33]:
µremote =
64pi~3(ε2)
2(εs)
2(S0)
2(kf )
3
eω(m∗)2Nd
[1/(L0)
2
−1/L(M0)
2]−1
(15)
where, L0 = d0 + L/2 , LM0 = L0 + dl Here, d0 is the
width of the spacer layer, dl is the width of the depletion
layer (ns/Nd, with Nd as the donor density in the bar-
rier), and S0 (=
e2m∗
2piε0εs~2
), the screening constant [36].
(II) In ZnMgO/ZnO heterostructures, 2DEG is formed
on the ZnO side of the ZnMgO heterointerface and hence
background impurity scatters free carriers, as well as due
to interface charge; also: Ionized impurity scattering due
to interface charges can be calculated from [37, 38]:
µremote =
4pi~3(ε2)
2(εs)
2(S0)
2(kf )
3
e3(m∗)2NbiIB
(16)
where, Nbi is the 2D impurity density in the potential well
due to background impurities and/or interface charge
and IB =
∫
sinφ
2sinφ+(S0/Kf )2
dφ
(III) Dislocation scattering is expressed as [39, 40]:
µdisl =
4pi~3(ε2)
2(εs)
2(S0)
2(kf )
4c2
e3(m∗)2NdislIt
(17)
where, Ndisl is the charge dislocation density, c is
the lattice constant of In1−xAlxN [= xal(AlN) + (1 −
x)c(InN) suggested by Vegard’s law], ξ is a dimen-
sional parameter: ξ = 2kF /qTF ; qTF = 2/aB is the 2D
Thomas-Fermi wave vector, where aB = εsε0h
2/e2pim∗
is the effective Bohr radius in the material and It =
1/2ξ2
∫
1
(1+ξ2u2)(1−u2)0.5 dξ
VI. RESULT AND DISCUSSION
A. Bulk mode
The experimental temperature dependent electron
concentration of ZnO is shown in Fig. 1. The experi-
mental electron concentration decreases as temperature
is decreased from 300 to 80 K, which is a carrier freeze
out process, and then is increased slightly when temper-
ature further decreases. As a result, due to lattice mis-
matched between ZnO and sapphire, a two-dimensional
parallel conduction layer (degenerate layer) is formed
at the ZnO/sapphire interface, which is temperature-
independent. For investigating the electrical transport
properties of bulk layer, the electron concentration and
electron mobility of degenerate layer should be removed
via a two layer Hall effect model (see Eq. 10-11). The
corrected data are shown in Fig. 1 and Fig. 2.
As is clear in in Fig. 1 and Fig. 2, by removing the ef-
fects of degenerate layer, the bulk electron concentration
reduces (5×1017 to 4.1×1016 cm−3 at 15 K and 5.22×1017
to 3.9×1017cm−3 at 300K) and the bulk electron mobil-
ity increases (15 to 20 cm2V −1s−1 at 15K and 60 to 71
cm2V −1s−1 at 300K) from their experimental values. For
T<50 K, the slightly bulk electron concentration decrease
indicates hopping conduction; then, good fitting between
bulk data and theoretical curves is not obtained. Tem-
perature dependent bulk electron concentration is fitted
4FIG. 1. Experimental and bulk (corrected) electron concen-
tration versus temperature; the solid curve shows the fitting
result to the corrected data.
FIG. 2. Experimental and bulk (corrected) electron mobility
versus temperature.
by the charge balance equation (see Eq. 1). The obtained
fitting values are listed in Table II. The obtained activa-
tion energy of residual donor is in reasonable agreement
with the reported value [41], which confirms the validity
of the fitting.
Fig. 3 shows the total mobility obtained from the
Matthiesen’s rule by considering the intrinsic scattering
mechanisms. As seen in Fig. 3, in the pure ZnO sample,
the total mobility at room temperature is in the order of
102 (cm2V −1s−1). Fig. 4 shows the position of each scat-
FIG. 3. Total mobility (solid curve) of hypothetically pure
ZnO calculated by the Matthiesen’s rule. The mobility limits
due to the lattice scattering mechanisms are displayed in dash
curves.
FIG. 4. The bulk electron mobility fittings for n-type ZnO
sample via different scatering mechanisms.
tering mechanisms for the bulk electron mobility of ZnO.
The obtained fitting parameters are listed in Table II. It
should be noted that Ndisl matches the accuracy of the re-
ported values [42] in this regard. According to Fig. 4: In
the low and medium temperature ranges, 15<T<240K,
dislocation scattering is dominant. In the high tempera-
ture range, 240<T<300K, polar optical phonon scatter-
5FIG. 5. Experimental and calculated temperature depen-
dence of electron mobility curves for Zn0.82Mg0 .18/ZnO.
ing controls the bulk electron mobility.
TABLE II. Value of the calculated fitting parameters for ZnO.
Fitting parameters Values
Na (cm
−3) 1× 1016
Nd (cm
−3) 6× 1017
Ed (meV) 25
Dislocation density Ndisl (cm
−3) 6.5× 1013
Crystalline defects 8.5× 105
B. 2DEG mobility
Regarding Vegard’s law and the band gap val-
ues of ZnO (= 3.4 eV) [1] and MgO(= 5.88 eV),
the band gap values of Zn0.82Mg0.18O/ZnO and
Zn0.8Mg0.2O/ZnO/Zn0.85Mg0.15O of about 3.88 eV and
3.89 eV, respectively, are calculated, which means the
band gap of ZnMgO/ZnO is wider than ZnO. So, it
should be expected that the part of conduction electrons
in the ZnMgO layer is transferred to the adjacent layer
with a smaller band gap (ZnO), which causes an inter-
nal field and subsequently the formation of a triangular
quantum well; thus, the formation of a thin layer is re-
sulted near the interface with a 2DEG behavior [43].
Fig. 5 and Fig. 6 show the temperature depen-
dence of the electron mobility and the calculated
component mobility of the individual scattering pro-
cess for Zn0.82Mg0.18O (75nm) /ZnO single (sam-
ple A) and Zn0.8Mg0.2O(60nm)/ZnO(30nm)/graded-
Zn0.85Mg0.15O(90nm) double (sample B) heterostruc-
tures, respectively. As can be clearly seen, the elec-
tron mobility increases when temperature decreases and
reaches the maximum value of about 290 cm2V −1s−1 and
1780 cm2V −1s−1 for samples A and B, respectively; the
difference is considerable. Also, very good consistency
is obtained between the temperature dependence of the
calculated total mobility data and the experimental re-
sults. The fitting parameters are listed in Table III. The
investigated structures are with Mg content x in barrier
layer changing from 0.18 to 0.2 and ns increases from
about 1.48×1012 and 1.16×1014cm−2 for samples A and
B, respectively.
TABLE III. Value of the calculated fitting parameters for the
heterostructure samples.
Fitting parameters Sample A Sample B
Dislocation density Ndisl (m
−2) 7×1012 1×1015
2D impurity density in the potential
well Nbi (m
−3) 9×1023 4.5×1025
C Parameter 5.5×105 9×105
The dislocation scattering and ionized impurity scat-
tering due to interface charges are weakened when ns
increases, since the screening effect of the electrons on
the scattering centers is improved.
The enhancement of electron mobility in sample B may
be associated with the decrease of Ndisl, Nbi and strain
induced fields in this sample. Also, better electron con-
finement in heterostructures plays an important role in
determining 2DEG mobility via increasing the screening
effect against ionized impurity and dislocation scattering
[44, 45].
As a result, the produced electric field via piezo-
electric polarization charge at the ZnMgO/ZnO het-
erointerface and formation of the conduction band dis-
continuity at the same interface can lead to better
electron confinement and, then, electron mobility of
Zn0.8Mg0.2O/ZnO/Zn0.85Mg0.15O is enhanced.
As can be seen in Fig. 5: For sample A, at low temper-
ature (T<10K), ionized impurity scattering due to in-
terface charges and at high temperature (110<T<300K)
piezoelectric scattering control electron mobility. For
sample B, at low temperature (T<60K), ionized im-
purity scattering due to interface charges scattering, at
medium temperature (60<T<230K), crystalline defects
and at high temperature (T > 230K), polar optical
phonon scattering restrict mobility. It should be noted
that the obtained dislocation density matches the accu-
racy of the reported values [41], in the range 109 to 1011
cm−2.
6FIG. 6. Experimental and calculated tempera-
ture dependence of electron mobility curves for
Zn0.8Mg0.2O/ZnO/Zn0.85Mg0.15O.
VII. CONCLUSION
In this paper, the reported experimental data
related to the electrical transport properties of
ZnO/sapphire, Zn0.82Mg0.18O (75nm) /ZnO single (sam-
ple A) and Zn0.8Mg0.2O(60nm)/ZnO(30nm)/graded-
Zn0.85Mg0.15O(90nm) double (sample B) heterostruc-
tures are quantitatively calculated with different Mg con-
centrations and barrier thickness. For bulk ZnO, the ef-
fect of degenerate layer at the ZnO/sapphire interface
on the experimental electron concentration and mobil-
ity can be removed using a two layer Hall effect model.
The fitting curve of temperature-dependent corrected
electron concentration results in Ed= 25meV, Na =
1×1016cm−3, and Nd=6×10
17cm−3. The fitting curves
of temperature dependence of the corrected electron mo-
bility shows that dislocation scattering restricts electron
mobility approximately in all temperature ranges, which
is due to large lattice mismatch between ZnO and sap-
phire. The value of Ndisl in this sample is obtained
about 6.5×1013cm−2. For Zn0.82Mg0.18O/ZnO single and
Zn0.8Mg0.2O/ZnO/graded-Zn0.85Mg0.15O double het-
erostructures, the temperature dependence of 2DEG mo-
bility is determined by taking into account all the ma-
jor scattering mechanisms. The calculated results for
2DEG mobility indicate that, in ZnMgO/ZnO/ZnMgO
heterostructure, dislocation and ionized background im-
purity are effectively suppressed, which is related to en-
hancement in the sheet carrier concentration of 2DEG
and better electron confinement in the channel because of
the produced electric field via piezoelectric polarization
charge and formation of conduction band discontinuity
in the heterointerface in this sample.
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